abstract: There is increasing recognition of the importance of rapid adaptation in the dynamics of populations and communities. While the effects of rapid adaptation on the stability of populations have been shown in experimental systems, demonstration of their impacts in natural populations are rare. We examined the relationship between clonal dynamics and population stability of natural Daphnia pulex populations experiencing seasonal environmental variation. We show that the degree of asynchrony in a population's clonal dynamics is tightly linked to its population-level stability. Populations whose clonal abundances were more asynchronous were more stable temporally. Variation in asynchrony was related to variability in primary productivity, and experiments using clones from the study populations revealed significant genotype by environment interactions in response to food level. This suggests that clonal turnover was not due to neutral dynamics alone but may be linked to variation in functional traits associated with resource acquisition and conversion.
Introduction
Many natural systems experience temporal environmental variation at timescales that impact ecological dynamics. Accordingly, a large body of theory and empirical research has accrued examining the ecological factors that mediate population stability and dynamic responses to environmental forcing (Bjornstad and Grenfell 2001; Turchin 2003) . While numerous studies have also considered the evolutionary consequences of changing environments (Levins 1968; Siepielski et al. 2009; Bell 2010) , consideration of the effects of evolution on the dynamic stability of populations in fluctuating environments is surprisingly rare. Evolutionary biology has historically treated adaptive responses to environmental variability as phenomena that occur at timescales that are longer than population dynamic responses. Thus, while it is accepted that evolution can contribute to the persistence of populations experiencing environmental change (Lynch and Lande 1993; Bell 2010) , few studies have considered how microevolution can alter the dynamic stability of populations. A growing body of research challenges the assumption that adaptive evolution and ecological dynamics of populations are not closely intertwined (reviewed in Hairston et al. 2005; Post and Palkovacs 2009; Schoener 2011) . Rapid adaptive responses may not only alter ecological traits within populations, they may do so at a rate that alters population stability at ecological timescales. Such eco-evolutionary dynamics have been demonstrated in experimental systems (Yoshida et al. 2003 (Yoshida et al. , 2007 Becks et al. 2010; Steiner et al. 2016) . However, few examples exist of their effects on population stability in natural populations experiencing natural environmental fluctuations.
Ecological theory demonstrates that phenotypic variation among species in their environmental optima can promote differential responses to environmental fluctuations (Lehman and Tilman 2000) . Such asynchronous population responses (or compensatory dynamics) can be an effective stabilizing force, reducing temporal variation of total community abundance summed across species (Lehman and Tilman 2000; Gonzalez and Loreau 2009 ). While formulated to address dynamics of multispecies assemblages, these predictions can be extended to asexually reproducing organisms and the dynamic responses of clonal lineages (linkage groups) within populations. If relevant heritable phenotypic variation exists among clones, changing environmental conditions could select for different genotypes over time, generating asynchronous clonal dynamics and reducing temporal variability of total population abundance. These theoretical predictions may apply to the seasonal dynamics of many freshwater zooplankton, such as Daphnia. Daphnia species are cyclical parthenogens in which sexual reproduction results in the production of dormant eggs, with emergence from the dormant egg bank occurring early in the spring in seasonal systems (Cáceres 1998; Hairston et al. 2000) . Consequently, genetic change over the growing season is among asexually reproducing clones and thus a function of clonal selection and sorting.
A handful of studies have shown that Daphnia populations can exhibit rapid changes in clonal composition within growing seasons (Carvalho and Crisp 1987; Geedey et al. 1996; Pfrender and Lynch 2000) , but these dynamics have not been related to population dynamics and stability. To investigate the presence of asynchrony among Daphnia clones and its relationship to population stability in natural populations, we conducted a broad survey of Daphnia pulex pond populations. We show that rapid changes in genetic composition within natural Daphnia populations are strongly linked to their dynamic stability. As predicted, populations whose clonal dynamics were more asynchronous over time were more stable (i.e., varied less over time).
Material and Methods

Pond Survey
To examine variation in seasonal clonal dynamics of Daphnia and the relationship between clonal asynchrony and population stability, we performed a survey of 30 Daphnia pulex pond populations. All study ponds were fishless, permanent, and located in southern Michigan. Ponds were sampled three times during the growing season: the last weeks of April, June, and August. For each sample date, we quantified D. pulex clonal composition, D. pulex population density, and several pond biotic/abiotic measures, including chlorophyll a concentration, total phosphorus concentration, pH, temperature, and dissolved oxygen concentration (table B1; tables B1-B4 are available online). Daphnia pulex clonal composition was determined for 48 individuals per pond sample. Clones were identified as multilocus genotypes on the basis of unique combinations of alleles for four microsatellite loci. Detailed survey and molecular methods can be found in appendix A.
Laboratory Experiments
To investigate whether clones exhibited heritable trait variation among populations and seasonally within populations, we collected clones from the study ponds and assessed their performance using a laboratory-based juvenile growth experiment (see app. A). Clones were cultured under common garden conditions for three or more generations before the experiment. Results from the survey revealed that clonal asynchrony was associated with temporal variation in pond primary production ( ). Performance was measured as log somatic growth rate, which correlates strongly with intrinsic population growth rate (Lampert and Trubetskova 1996) .
Statistical Analysis
All statistics were performed using R version 3.5 (R Development Core Team 2018). Primary response variables from the pond survey were D. pulex population stability and asynchrony among clones within ponds. Temporal stability of population densities over time was quantified using the inversely related coefficient of variation (CV) and population variability (PV) metric of Heath (2006) . To determine temporal asynchrony, clone frequencies were first multiplied by total population density to obtain clone densities for each pond and sample date. Asynchrony among clones for each pond was then quantified using the inversely related synchrony index of Loreau and de Mazancourt (2008) , which ranges between values of 0 (complete asynchrony) and 1 (complete synchrony). Relationships between synchrony and temporal stability were explored using Pearson correlations. To examine environmental correlates of clonal asynchrony, we used partial least squares regression using the pls package. The model included synchrony as the response variable and as predictors: log 10 April total phosphorus, total clonal richness (i.e., the total number of clones observed across samples within a pond), time-averaged environmental measures (log 10 chlorophyll a, oxygen concentration, pH, temperature), and the CV of environmental measures (chlorophyll a, oxygen, pH, and temperature; table B1).
Results from the juvenile growth experiment were analyzed with linear mixed effects models treating clone identity as a random effect. We tested the effects of clone identity, resource level, and their interaction on growth rates of all 23 clones. One clone produced slightly negative growth rates in the low resource treatment; we set these values to 0 for analyses. A subset of 10 clones were collected from five ponds at two times in the growing season: April (early season) and August (late season). Responses of this subset were also analyzed, treating source pond as a random block effect and testing effects of season of occurrence, resource level, source pond, and their interactions. Mixed effects models were implemented in package lme4; we used the ranova function to test significance of random effects terms. Assumptions of normality and homogeneity of variances were tested with Shapiro-Wilk tests, Levene's tests, and by inspecting plots of residuals. Assumptions were violated for juvenile growth data regardless of transformation. Thus, these data were also analyzed using permutational ANOVA in package lmPerm and compared with results from the parametric models. All data underlying figures in the main text and in appendix B (available online) have been deposited in the Dryad Digital Repository (https://dx.doi.org/10.5061 /dryad.5v47197; Steiner and Nowicki 2019).
Results and Discussion
Of the 30 ponds sampled, 12 yielded microsatellite data for all three sample dates; an additional 12 ponds yielded data for two sample dates (April and June). Lack of data for some samples was due to either low Daphnia pulex population abundances or local population extinctions due to seasonal succession. We performed statistical analyses only for ponds that produced data for all three sample periods. However, results for ponds with only two sample dates are displayed in the figures for comparison. Clonal richness (measured as the total number of clones observed across sample dates) varied across systems ( fig. B1 ; figs. B1-B11 are available online). Except for a single pond, all ponds exhibited some degree of temporal change in the structure of their clonal assemblages. However, the degree of synchrony in clonal dynamics varied greatly among populations (for time series, see figs. B2, B3). Furthermore, synchrony was strongly related to temporal variability of total population abundance, measured using the CV ( fig. 1A ; R p 0:953, P ! :0001, Pearson correlation). Populations whose clonal dynamics were more asynchronous over time (synchrony values closer to 0) had population abundances that were more stable and varied less over time. One concern is that the resolution of our microsatellite analysis may have failed to identify numerically dominant clones in our ponds, which could affect perceived measures of synchrony. However, it is unclear how such effects, if present, could have biased our study toward seeing a strong relationship between synchrony and temporal variability. The mean clonal richness per sample date detected in our study (4:151:7, mean 5 SD) was comparable to more intensive surveys of D. pulex clonal diversity in ponds in the region (4:251:9, mean 5 SD; Hebert et al. 1988 ). However, an important caveat is that Hebert et al. (1988) used allozyme markers, which may have underestimated genotypic diversity. Unfortunately, more robust surveys of clonal diversity in our study region are not available.
The synchrony index and the CV both share measures of population variance, raising the concern of interdependence between the variables. Although populations with nonzero measures of clonal synchrony can, in theory, display a wide range of population variabilities (e.g., because of differences in environmental forcing), the relationship between these measures is bound at the origin. A population with clones that are perfectly asynchronous (synchrony index value at 0) is predicted to have zero variability in total population abundance over time (i.e., CV p 0). This constraint could influence perceived relationships. As a precaution, we also calculated temporal population variability using the PV metric of Heath (2006) , which calculates variability as the average percent difference between all combinations of observed values. When comparing clonal synchrony and PV measures, results were nearly identical to those using the CV ( fig. 1B ; R p 0:859, P ! :0001, Pearson correlation). Decreasing synchrony (and increasing asynchrony) among clones was associated with greater population stability.
Important questions are the degree to which different clones (as identified by neutral markers) differ phenotypically and whether asynchrony is an adaptive response to environmental variation. Two lines of preliminary evidence suggest that asynchrony was not due to neutral dynamics alone. First, we used partial least squares regression to identify potential environmental drivers of synchrony responses. We focus here on the first two axes generated by the analysis, which together produced a significant model (P p :012, ANOVA) and explained 62.5% of the variation in synchrony. The first axis was significantly correlated with clonal synchrony ( fig. B4 ; R p 0:59, P p :04, Pearson correlation) and accounted for 35% of the variation in the response. This axis was negatively associated with the CV of pH, CV of dissolved oxygen, and CV of chlorophyll a-all correlates of temporal variation in primary productivity (table B2) . Thus, ponds that varied more in these measures over time exhibited greater asynchrony among their clones. The first axis was also positively associated with mean temperature; ponds with higher average temperatures were associated with greater clonal synchrony. The second axis of the regression accounted for an additional 27.5% of variation in synchrony but was not correlated with synchrony at P ! :05 ( fig. B4 ; R p 0:53, P p :08, Pearson correlation). This axis was most strongly associated with decreasing total clonal richness (table B2) . Hence, increasing clonal diversity tended to be positively associated with asynchrony after accounting for variation explained by axis 1. What influences variation in clonal richness among our populations is unknown. While intra-annual processes (as addressed here) may theoretically influence the maintenance of genetic diversity, recombination and dormant egg bank dynamics are also at play at interannual scales in our study system. Moreover, levels of recombination may vary among pond populations, as obligate asexual clones are known to persist and even dominate in some ponds (Hebert et al. 1988; Hebert and Finston 2001) . Further work is required to disentangle these complex drivers of genetic composition in our study system and their influence on eco-evolutionary feedbacks.
Our juvenile growth experiments provided further evidence that ecologically relevant, heritable phenotypic variation exists among our study populations. When analyzing performance across all clones, clones exhibited differential responses to resource level ( fig. 2A ). Significant clone # environment interactions were detected when using linear mixed models (P ! :001, likelihood ratio p 35.5, df p 1) and permutational ANOVA (P ! :001). Hence, clones that performed well under low resource availability were not the same clones that performed well in the high resource treatment. The presence of genotype#environment interactions indicates that spatiotemporal variation in resource availability could differentially select among clones and suggests a mechanism by which seasonal variation in primary production may drive asynchronous clonal dynamics. In temperate seasonal waterbodies, edible algal resources are generally plentiful early in the growing season because of low grazer activity and high nutrient availability (Sommer et al. 1986 ). These resources commonly experience reduced availability later in the growing season due to increasing consumer pressure and reduced nutrient availability (Sommer et al. 1986 ). If seasonal variation in resource availability is a selective force in Daphnia populations and drives turnover in clonal composition, then clones that dominate early in the growing season should exhibit a performance advantage under high resource availability, while clones that dominate later in the season should perform better under low availability. Because not all ponds yielded both early-and late-season clones, results shown in figure 2A confound pond and season effects. To test our predictions, we concentrated on the five ponds that yielded both an early-season (April) and a late-season (August) clonal line. As predicted, early-versus late-season clones showed differential responses to resource availability; a significant interaction between season of occurrence and resource concentration was detected (P p :007, 7.7, ANOVA; P = :003, permutational ANOVA). When comparing growth rates in the high resource treatment, clones collected early in the growing season performed better overall compared with late-season clones ( fig. 2B ; P = :02, Bonferroni-adjusted t-test); no difference was detected at the low-resource level (P = :90, t-test). These effects were not dependent on source pond, as no three-way interaction between pond, resource, and season was present (P = :928, ANOVA; P =.967, permutational ANOVA). Nevertheless, significant interactions between source pond and resources and source pond and season were detected (tables B3, B4). Thus, ponds differed in how their clones responded to resource availability, regardless of season of occurrence, and differences in performance between earlyand late-season clones varied among ponds, regardless of resource concentration ( fig. B5 ). Our results are consistent with early-season clones having a performance advantage under high resource availability. However, our sample size of 10 clones from only five ponds was admittedly small, and thus the evolutionary significance of our findings should be viewed cautiously.
Evolutionary ecologists have long recognized that adaptive evolution can alter ecological traits, species interactions, and the persistence of species in changing environments (Bell 2008; Hendry 2016) . Nevertheless, widespread appreciation of the role of rapid adaptive evolution in the dynamics of populations is relatively recent. While a handful of studies have demonstrated that rapid microevolution can alter population dynamics and stability (e.g., Yoshida et al. 2003; Becks et al. 2010; Steiner and Masse 2013; Steiner et al. 2016) , there are few demonstrations of such processes in natural populations. Our work provides evidence of eco-evolutionary dynamics in the wild and demonstrates that rapid asynchronous changes in genetic composition can stabilize population dynamics. Despite this, much more work is required to reveal the mechanisms underlying clonal dynamics in our study system. Our laboratory experiments were designed only to demonstrate the existence of trait variation among clones; further experiments using a broader array of environmental conditions and clones (collected over time) are required to illuminate the functional traits mediating clonal turnover. Controlled experiments involving direct experimental manipulations of clonal diversity could also provide greater insight into clonal dynamic responses to environmental variation. Finally, a comprehensive understanding of D. pulex evolutionary dynamics in our system will require exploration of interannual dynamics and the role of recombination and dormancy. The prevalence of the type of stabilizing effects described here awaits further investigation. While their occurrence is clearly more likely among organisms with short generation times, this limitation does not limit their potential ecological significance. Such organisms are commonly major components of nutrient recycling, primary productivity, and energy flow in natural ecosystems (as in planktonic and soil microbial systems). Thus, if present, the stabilizing effects of rapid adaptation may have significant consequences that extend beyond population dynamics to ecosystem-level processes as well.
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APPENDIX A Supplemental Methods
Pond Survey
We performed a survey of 30 Daphnia pulex pond populations. All study ponds were fishless, permanent, and located in southern Michigan. Fourteen ponds were found in the University of Michigan Edwin S. George Reserve (Pinckney, MI), and 16 were found at or in close proximity to the Michigan State University W. K. Kellogg Biological Station (Hickory Corners, MI). Ponds found within the Edwin S. George Reserve are designated as GR in appendix B (available online). Ponds were sampled three times during the growing season: the last weeks of April, June, and August (sampling was spread over approximately 1 week during each sample period). To quantify D. pulex clonal composition and population abundance, water samples were collected at even intervals along qualitative transects through each pond at middepth using a 2-L hand pitcher. Water was filtered through an 80-mm mesh sieve, and collected zooplankton were preserved in 95% ethanol for later enumeration using a stereomicroscope and genetic analysis. Sample volumes ranged between 20 and 30 L, depending on abundance of Daphnia observed in the samples. A 500-mL water sample was also collected from the center of each pond at middepth, and a subvolume was later filtered onto Whatman GF/F filters (GE Healthcare Bio-Sciences, Pittsburgh, PA) to measure chlorophyll a concentration as a measure of phytoplankton abundance (sensu Welschmeyer 1994) . During the April sample period, a subsample of the water sample was also used to quantify total phosphorus concentration as a correlate of pond productivity using the ammonium molybdate method following persulfate digestion (sensu Wetzel and Likens 2000) . Dissolved oxygen concentration, temperature, and pH were measured at middepth at three locations within each pond using a Hydrolab MS5 multiprobe (Hach Environmental, Loveland, CO) and averaged. To determine clonal composition of D. pulex populations, microsatellite analyses were performed on a subsample of 48 haphazardly chosen individuals taken from the ethanol-preserved samples.
Molecular Methods
Clonal composition of Daphnia pulex populations was determined using four microsatellite loci: Dp3, Dp27, Dp496, and Dp502 (Colbourne et al. 2004) . Forty-eight D. pulex individuals were haphazardly chosen from each ethanolpreserved pond sample, rinsed with ultrapure water, and then incubated in sterile Tris-EDTA buffer for 2 h at room temperature. DNA was extracted by autoclaving each individual for 15 min at 1207C in 250 mL of a solution of 10% Chelex (Sigma-Aldrich) and 0.1 mg mL 21 proteinase K. Samples were centrifuged and the supernatant then stored in a 2807C freezer. Polymerase chain reaction (PCR) amplification of microsatellite loci was performed using multiplexed reactions with fluorescent-labeled forward primers. Reactions were performed in 25-mL volumes containing the following: 4 mL of extracted DNA; 2.5 mL of GoTaq Flexi Buffer (Promega, Madison, WI); 0.33 mL of 25 mM deoxyribonucleotide triphosphates; 0.5 mL of 25 mM MgCl 2 ; 1.0 mL each of 10 mM forward and reverse primers of Dp3, Dp27, and Dp496; 0.25 mL each of 10 mM forward and reverse primer of Dp502; 1 unit of Taq DNA polymerase; and 6.17 mL ultrapure water. PCR conditions were as follows: 957C for 2 min, 39 cycles of 957C for 30 s, 567C for 20 s, and 727C for 30 s, with a final extension at 727C for 7 min. DNA fragment analysis was performed at the University of Illinois Roy J. Carver Biotechnology Center (Urbana, IL). Fragment lengths were determined using Peak Scanner Software (Life Technologies, Grand Island, NY). Clones were identified as multilocus genotypes on the basis of unique combinations of alleles for the four loci. Frequencies (relative abundances) of clones were then estimated for each subsample.
Juvenile Growth Experiments
Clones for the juvenile growth experiment were collected during the April and August sample dates of the pond survey or in the last weeks of April and August of a separate survey of the same ponds performed in the previous year. Clones were collected by isolating 10-20 haphazardly chosen Daphnia pulex adults from each pond's plankton sample in the field (an isolate). Field isolates were transported to the lab, where five adults were then haphazardly chosen from each and cultured in monoculture at 257C in aged tap water. Cultures were fed nonlimiting concentrations of Ankistrodesmus falcatus. After 6-12 months, one clonal line of the five was haphazardly chosen and the remaining lines discarded. Five ponds yielded a clone for both the April and August sample periods (10 clones total). The remaining 13 ponds yielded a single clone from each. This resulted in a total of 23 clone cultures from 18 ponds. The experimental design consisted of each clone crossed with a manipulation of resource availability: 5#10 3 versus 5#10
4 Ankistrodesmus falcatus cells mL 21 . Before the experiment, subcultures were established and maintained under high-food, low-density common garden conditions at 257C for three generations to remove effects of prior culture conditions. The experiment was performed using offspring of the F 3 or greater generation. Experiments were performed under 24-h light in a single temperature-controlled environmental chamber at 257C. We used 200-mL beakers filled with 150 mL of aged tap water; placement of the beakers was randomized on the shelves within the incubator. At the start of the experiment, neonates of each clone (!18 h old) were isolated from their stock cultures, and five individuals were then haphazardly chosen and placed into each experimental beaker. At least 10 neonates of each clone were retained for measures of initial biomass (as dry weight). Replication varied between three and four replicates depending on availability of neonates. After 24 h, juveniles were transferred to new beakers with fresh medium and food of appropriate concentration. After 48 h, juveniles were isolated and dried for 148 h at 507C and then weighed individually on a microbalance. For each individual, somatic growth rate was calculated as [ln(final dry weight/mean initial dry weight)]/(2 days). Individual growth rates were averaged to obtain a mean growth rate for each replicate beaker.
Literature Cited
